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Optical antennas have received much interest with the ability to generate 
resonantly enhanced local fields and to detect nanoparticles and biomolecules. 
Strong local fields could increase the scattering or the nonlinear emission 
from particles thereby enabling detection of subwavelength particles beyond 
the diffraction limit. Based on these attempts, we would transplant the concept 
of optical antennas into terahertz nano-slot antenna with hundreds micron 
length and nano-sized width, leading to new functionalities in terms of 
nanoscale control of terahertz electromagnetic wave. In this thesis, we will 
demonstrate strong coupling between nano-slot antenna and metallic 









 in the terahertz 
region, in which multiple reflections accompanying resonance increase 
effective interactions between particle and wave. Moreover, in slot antenna 
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array, horizontal- and vertical-interactions between two adjacent slot antennas 
will be experimentally and theoretically explored. 
 
Keywords : terahertz spectroscopy, terahertz nano-slot antenna, nano-
particle detection, terahertz modulation, light-matter interaction, sub-skin 
depth barrier 
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Chapter 1 Introduction 
Optical properties of metallic subwavelength apertures have strongly been 
focused in near infrared and visible frequency regimes after the report by 
Ebbesen and his coworkers on extraordinary transmission of light via surface 
plasmon polariton.1-4 Even in lower frequencies where most metals are 
considered as perfect electric conductor (PEC), it has theoretically and 
experimentally been studied that the transmitted electric fields through half-
wavelength slot antennas are substantially enhanced when the thickness and 
the width of slot antennas are both in extreme subwavelength region.5-8 These 
phenomena are attributed to their shape resonance with a large aspect ratio 
contributing the strong field enhancement inside the slot.9-12 Recent researches 
on terahertz (THz) metamaterials in the sub-skin depth limit (<) showed two 
complementary features: a giant electric field enhancement inside a gap with 
sub-skin depth spacing and the diminishing electric field enhancement with 
the thickness below /5.13-17 Based on these complementary properties in the 
sub-skin depth region, hereby one significant question is whether 
electromagnetic waves through resonant structures can be more sensitively 
controlled by sub-skin-depth wide metallic nano-objects to achieve new 
functionalities in tuning and detection applications. 
Specifically, we have demonstrated control of the THz electromagnetic wave 
transmission by the metallic nano-scale objects, such as nano-barriers, nano-
rods, and nano-particles, using THz nano-slot antenna with a hundreds micron 
length and a nano-sized width. The THz nano-slot antenna enhances electric 
field over the whole aperture, so that the positions as well as the dimensions 
of the nano-objects become important controlling parameters.18 Interestingly, 
16 
 
when we put the single nano-objects inside or on top of the THz slot antennas, 
there are three different characteristics for each type of the nano-objects. 
Using a quantitative theoretical modeling based on a modal expansion, we 
provide a simple and intuitive picture that reveals the physical origin of these 
observations. Furthermore, we also show experimental evidence on how the 
same concept can be applied to detect a single gold nanoparticle embedded in 
a slot antenna in the millimeter wavelength region.  
17 
 
Chapter 2 Sample fabrications 
2.1 Fabrication of nano-slit and –slot using Focused Ion 
Beam (FIB)  
Focused Ion Beam (FIB) system use a focused beam of gallium (Ga+) 
primary ions that can be operated for milling and imaging with a 5 nm 
resolution at low beam current.19 Recently, FIB machine is widely used for 
fabrication of nano-sized patterns into a metallic film. Fig. 2.1(a) shows the 
images of our FIB machine, Quanta 3D (FEI), with a Scanning Electron 
Microscopy (SEM) and a FIB. A gold film is deposited onto a silicon or 
quartz substrate by thermal or electron-beam evaporation with a 5 nm-thick 
titanium or chromium adhesion layer. In order to fabricate an infinitely long 
nano-slit (Fig. 2.1(b)), 5 m-long rectangular holes with a width of 70 nm are 
vertically stitched to produce a 3 mm long nano-slit, having the same width. 





Figure 2.1 (a) The actual images of our FIB machine, Quanta 3D (FEI), with a 
Scanning Electron Microscopy (SEM) and a Focused Ion Beam (FIB). (b) The 
SEM pictures of an infinitely long nano-slit with the length of 3 mm and the 
width of 70 nm into a 60 nm-thick gold film, fabricated by the FIB. 
2.2 Measurement of the cross-section of THz nano–slot 
antennas using FIB 
Using the FIB machine, it is available to check the cross-section of the THz 
nano-slot antennas fabricated by FIB. The detailed processes by FIB are the 
following. First of all, we perform an electron-beam platinum (Pt) deposition 
with the beam current of 50~1500 pA, voltage of 5 kV, X=12 m, Y=1 m, 
Z=20 nm, the duration time of 3-5 minutes and the tilting angle of 0° onto the 
surface of the sample due to the protection of the sample surface. After that, 
ion Pt deposition with ion beam voltage of 30 kV, current of 0.1-0.5 nA, X=12 
19 
 
m, Y= 1 m, Z=2.5 m, and the duration time of 1-2 minutes is performed at 
the 52° tilting angle of the sample stage. Using  Regular Cross Section 
Milling option in FIB (Quanta 3D FEG, FEI) with the ion beam current of 3-
20 nA, voltage of 30 kV, X=13 m, Y=7 m and duration time of 3-4 minutes, 
the bottom region (13 m by 7 m) of the Pt protection can be drilled. Finally, 
using Tilting Milling option in FIB with the ion beam current of 1-5 nA, 
voltage of 30 kV, X=13 m, Y=2 m, and the tilting angle of 53.5°, the 
intermediate region between the Pt protection region and the drilled hole 
region is also drilled due to the cleanness of the cross-section of the sample. 
Figure 2.2 shows the SEM image of a THz nano-slot with the length of 100 
m, the nominal width of 600 nm, and the metal thickness of 300 nm on the 
Si substrate, fabricated by FIB. Interestingly, there exist some damages caused 
by FIB milling at the substrate side below the slot area. Due to the substrate 
damages, FIB milling would be not suitable for making nano-slot antennas on 
a thin film with hundreds of nanometers thickness, such as a 100 nm-thick 
VO2 film.
20-23 When we make THz slot antennas on the 100 nm-thick VO2 
thin films, lift-off process using electron beam lithography would be one of 




Figure 2.2 The SEM picture of a cross-section of a terahertz nano-slot with 
the length of 100 m and the nominal width of 600 nm into a 300 nm-thick 
gold film, fabricated by the FIB. 
2.3 Fabrication of nano-slot antenna array using electron-
beam lithography 
Fig. 2.3(a) depicts a schematic diagram of nano-slot antenna array into a thin 
gold film on silicon (Si) or silicon oxide (SiO) substrate. The nano-slot 
antenna array has the dimensions with hundreds micron length (l) and 
hundreds nanometer width (w). In order to fabricate a number of nano-slot 
antennas with the extreme aspect ratio of about 1000, we introduce a severe 
technique with higher resolution requirements, such as electron-beam 
lithography with field electron emission sources. Electron-beam lithography is 
21 
 
recently used as a powerful tool for nanotechnology architecture and 
integrated circuits. Fig. 2.3(b) depicts schematics of the fabrication process 
using negative photoresist (MA-N 2405). MA-N 2405 resist is spin coated 
with a 500 nm thickness (The resist thickness is determined to about 5~7 
times thicker than the metal film thickness) on SiO substrate with the 
following conditions: 5000 rpm, 35 seconds, and 2.5 Acc. Then, the spin 
coated resist is baked by hot plate at 90 ℃ for 2 minutes 30 seconds. The 
baked photoresist is subsequently exposed by the scanning electron beam 
(with Acc. voltage of 25 kV and current of 30 pA) with the lithography 
program, NPGS. For development of the MA-N 2405 resist, the sample is 
dipped into the developer solution of MA-D 525 for about 1 minute 30 
seconds. After that, the sample is cleaned by DI water and dried by nitrogen 
gas. Next, gold films with the 5 nm-thick chromium adhesion layers are 
deposited onto the photoresist pattern. Finally, gold nano-slot antennas are 
generated by a lift-off method with N-methyl-2-pyttolidone (NMP) solution at 




Figure 2.3 (a) Schematic of nano-slot antenna array in a gold thin film onto a 
Si substrate. (b) Schematic diagram of the electron-beam lithography process: 
electron-beam exposure, development, gold deposition, and lift off.13 
2.4 Fabrication of platinum nano-rods using FIB 
FIB machine has an additional tool, a deposition system, allowing the 
addition of material instead of removing material. This technique is realized 
by a gas delivery needle, supplying a chemical compound close to the interest 
point on the surface, as shown in Fig. 2.4(a). The chemical gas compounds 
consist of metallic-organic molecules, such as (CH3C5H4)(CH3)3Pt (for Pt), 
and W(CO)6 (for W). These compounds will decompose locally and deposit Pt 
(or W) onto the surface when the compounds are exposed to the ion beam. 
Using this technique, the metallic nano-structures with the minimum size of 
around 50 nm can be realized without complex mask structures, even though 
the purity and conductivity of the material are usually lower than the pure 
metal. 
We have applied this technique of FIB to the fabrication of Pt nano-rods onto 
the THz nano-slot antenna. For example, Fig. 2.4(b) shows a Pt nano-rod with 
the length of 1.5 m, the width of 250 nm, and the thickness of 250 nm at the 
mid-point over the THz nano-slot antenna with the length of 150 m and the 
width of 500 nm in a 100 nm-thick gold film. The Pt deposition method in 
FIB has the advantage of putting nano-rods at the desired locations over the 
nano-slot. Using this method, we studied on tuning of the resonance of THz 
nano-slot antenna depending on the locations of the Pt nano-rods, which will 




Figure 2.4 (a) Optical microscope image with the gas delivery needle and 
sample stage in FIB is shown when we deposit material on the sample. (b) 
The SEM picture of a platinum nano-rod with 1.5 m length, 250 nm width, 
and 250 nm thickness onto a THz nano-slot antenna with the length of 150 m 




Chapter 3 Terahertz time-domain 
spectroscopy 
3.1 Transmission-type THz time-domain spectroscopy 
We perform transmission-type terahertz time domain spectroscopy in a 
frequency range from 0.05 THz to 2.0 THz with a single-cycle terahertz 
source generated from a 2 kV/cm biased semi-insulating GaAs emitter 
illuminated by a femtosecond Ti:sapphire laser (MIRA, Coherent) pulse train 
of a center-wavelength 780 nm, a 76 MHz repetition rate and a 130-fs pulse 
width (Fig. 3.1).13,24,25 The spot size of terahertz wave at the focus point is 
about 3 mm, obtained by knife-edge experiment. By Fourier-transforming the 
time domain data, transmitted amplitude spectra for our sample, Esample(), are 
obtained with phase information intact. For normalization of the measured 
spectrum, we use a reference signal, Eref(), for the bare substrate after 
passing through 2 mm by 2 mm or 1 mm by 1 mm metal apertures.26 We 
define the normalized (transmitted) amplitude (T()) against the aperture field 
as the ratio between two measured amplitudes: 




Figure 3.1 The schematic of our transmission-type terahertz time-domain 
spectroscopy with the GaAs emitter and ZnTe detector.13 
3.2 Tight-focusing THz time-domain spectroscopy 
For detecting a tiny signal of transmission through a single THz nano-slot 
antenna with the coverage ratio of about 0.001 %, we add Tsurupica lens 
(invented by RIKEN) to our THz setup for tightly focusing terahertz wave, as 
shown in Fig. 3.2. These THz lens help us to decrease the spot size at the focal 
point to below 1 mm, enhancing the THz electric field amplitudes by one 
order of magnitude compared with that of our old THz setup using the 
parabolic mirror. Using this new THz setup, we can obtain the transmission 
spectra of a single nano-slot antenna and look forward to observing an 




Figure 3.2 The schematic of the tight-focusing terahertz time-domain 
spectroscopy setup with the spot size of below 1 mm. 
3.3 Broadband THz time-domain spectroscopy 
For impulsive generation of broadband THz radiation, we used a commercial 
GaAs-based photoconductive THz emitter, Tera-SED (Gigaoptics, GmbH), 
instead of the hand-made photoconductive emitter in the tight-focusing THz 
time-domain spectroscopy setup.27 For comparing the two emitters, their 
biased voltages are 125 V (Home-made emitter) and 50 V (Tera-SED3), 
respectively. Figure 3.3 shows that the new Tera-SED3 emitter generates a 
THz signal with a relatively shorter pulse width in the time domain and larger 
bandwidth in the frequency domain, compared to the hand-made emitter. We 
also find that the Tera-SED3 emitter has a greater advantage with higher 




Figure 3.3 (a) Transmitted electric field amplitudes for the Hand-made emitter 
and Tera-SED3 in the time domain are shown as black and red curves, 
respectively. (b) Transmitted electric field amplitude spectra for both of 
emitters are shown in the frequency domain, respectively. 
3.4 Dual-type THz time-domain spectroscopy 
When we perform a quantitative absorption measurement, it is required to 
measure both of reflection and transmission through samples. What to use for 
this requirement is a Dual-type THz time-domain spectroscopy, being 
available to measure both of reflection and transmission through samples on a 
fixed sample loader. Figure 3.4 shows the layout of our Dual-type THz time-
domain spectroscopy setup using a multi-pass THz beam splitter. The material 
of the THz beam splitter is HRFZ-Si. This beam splitter provides 
transmission/reflection ratio, 54/46 (%), in the wide wavelength ranging from 
100 to 1100 m. For avoiding a multiple reflection effect inside the beam 
splitter, we used the 3.5 mm-thick THz beam splitter, being relatively thick in 




Figure 3.4 The experimental layout of the setup (a) The schematic 
presentation of our dual-type THz time-domain spectroscopy (b) The working 
setup in our laboratory.  
For example, using this dual-type THz setup, we measured the reflection and 
transmission amplitude spectra of THz nano-slot antenna array with the length 
of 90 m, the width of 50 nm, the horizontal period of 90 m, and vertical 
period of 100 m in a 50 nm-thick gold film on quartz substrate, as shown in 
Fig. 3.5. This dual-type THz setup would be applied to measure the absorption 





Figure 3.5 Reflection and transmission amplitude spectra of THz nano-slot 
antenna array with 90 m length, 50 nm width, 90 m horizontal period, and 
100 m vertical period in a 50 nm-thick gold film on quartz substrate are 





Chapter 4 Terahertz nano-slot antenna 
4.1 Introduction 
THz nano-slot antenna means a rectangular hole with hundreds micron 
length and a nano-sized width in a thin metallic film, acting as a slot antenna 
with the resonance in a terahertz frequency region. At its resonance, the 
electric field enhancement inside the slot antenna increases as the slot width 
decreases due to shape resonance phenomena in metallic rectangular hole 
structures.5,7,13,28 Recently, it was reported that one-dimensional nano slits 
with the width much smaller than their skin depth enhances electric field by 
orders of magnitudes with resonance-less 1/f frequency dependence.26 So we 
investigate whether the THz nano-slot antennas with sub-skin depth wide 
widths also allow a huge enhancement of the electric field particularly at 
resonance. Moreover, horizontal coupling between two adjacent slot antennas 
as well as substrate effect on the resonance of the slot antennas, caused by 
strong local field around each slot, will be also explained in this chapter. 
4.2 Single THz nano-slot antenna 
In this section, we show that a single THz nano-slot antennas with hundreds 
micron length (l) and nano-meter sized width (w) funnels terahertz 
electromagnetic waves through, accompanied by a large field enhancement 
unavailable for micron-scale aperture widths (Fig. 4.1(a)).29 With the slot 
width and film thickness close to the skin-depth, theory based on the perfect 
conductor approximation still gives good agreement.30 With the ultrathin 
metal film much smaller than the skin depth, we achieve essentially a giant 
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field enhancement of over 1000 inside the slot at the resonance.30 
We first consider single nano-slot antennas in a gold film with 100 nm 
thickness (t) on a dielectric substrate of 0.5 mm-thick quartz crystal. These 
terahertz nano-slot antennas, patterned by FIB, in dimensions of the length 
l=150 m and the various widths of w=120, 240, 500, 1000, and 5000 nm 
enhance transmittance at the resonance frequency of 0.55 THz, which is 
~c/(2neffl) where neff the effective refractive index of the substrate and c the 
velocity of light in vacuum.31,32 
To obtain normalized transmitted amplitude through the THz nano-slot 
antennas, we perform terahertz time domain spectroscopy in a frequency 
range from 0.2 THz to 1.2 THz. By Fourier-transforming the time domain 
data, transmitted amplitude spectra for our sample, Esample(), are obtained 
with phase information intact. For normalization of the measured spectrum, 
we use a reference signal, Eref(), for the bare substrate after passing through 
a 1 mm by 1 mm aluminum aperture. We define the normalized-to-area 
amplitude against the aperture field as the ratio between two measured 
amplitudes, equal to the average enhancement of the electric field inside the 
slot, using a normalizing aperture of 1 mm by 1mm dimensions: 
   
ratiocoverage
1
/amplitudeareatoNormalized   refsample EE . 
Figure 4.1(b) renders the normalized-to-area amplitude spectra as measured 
for five different slots, having the widths (w) ranging from w=120 to 5000 nm. 
Especially, we observe the strong field enhancement of over 1000 
characterizing THz slot antennas with extremely large aspect ratio of 1250 for 
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the width of 120 nm. This giant field enhancement helps measuring the 
transmission through only a single nano-slot antenna using our far-field 
transmission setup with the signal-to-noise ratio of over 10000, even though 
the coverage ratio of the single slot is about 0.0018 %. Single THz nano-slot 
antenna with a giant field enhancement opens a strong possibility of potential 
applications, such as nanoparticle detection33,34, nonlinear,35-38 and active 
switching devices.39,40 
 
Figure 4.1 (a) Schematic of a single THz nano-slot antenna with a length of l 
and a width of w. (b) Experimental normalized-to-area amplitude spectra of 
single THz slot antennas with a length of l=150 m and various widths of 
s=120, 240, 500, 1000, and 5000 nm. 
4.3 Terahertz nano-slot antenna array: Ultra-broadband 
performance 
In this section, we consider an array of THz nano-slot antennas, having 
dimensions with 100 m*200 nm (l*w), in a metallic film with 100 nm 
thickness on a dielectric substrate of 450 m-thick undoped silicon. These 
THz nano-slot antennas enhance transmittance at the resonance frequency of 
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0.6 THz. We pattern these nano-slots by electron beam lithography using a 
negative photo-resist and the single-layer lift-off process. This fabrication 
method allows access to an extreme ratio rectangular hole with a sub-micron 
sized width preserving a hundred micron-sized length. 
THz nano-slot antennas with varying period dx are investigated with 
polarization of the normally incident light perpendicular to the length 
direction. Scanning electron microscope (SEM) pictures with the top view of 
these samples are shown in the insets of Figs. 4.2(a)-4.2(b). In Fig. 4.2(a) and 
4.2(b), experimental results are the normalized amplitude spectra for the 
period of 100 m (coverage ratio of 0.18 %) and 30 m (coverage ratio of 
0.6 %), with the same length (l=100 m) and width (w=200 nm). When the 
horizontal period decreases to 30 m, the normalized transmitted amplitude 
increases to over 90 % at the resonance despite the still small coverage of only 
0.6 %. However, with micro-patterned samples, where it was reported that to 
preserve normalized transmitted amplitude of over 90 %, slot coverage of 
over 12% was needed.41,42 While the field enhancement for the micro-gap 
rectangular hole array was only 8,7,41 that for the nano-slot array with the areal 
coverage of 0.6 % is over 150. This nano-sized gap slot samples have a good 
advantage of retaining the antenna cross section, being relatively insensitive 
to the decreasing the width compared with the micron-sized gap samples. 
Furthermore, decreasing horizontal period also induces to push the Rayleigh 
minima out of the measurement range, again contributing to the enhanced 
transmission.43 In Fig. 4.2, it should be also noted that the line width of the 
transmitted curve with higher coverage sample (Fig. (4.2(b)) is noticeably 




Figure 4.2 (a) Normalized transmitted amplitude spectra measured through an 
array of nano-slot antennas with a length l=100 m, a width w=200 nm, and 
horizontal period dx=100 m and vertical period dy=110 m. (b) The same as 
(a) except dx=30 m. SEM images of the samples are shown in the insets. (c) 
A modal expansion based theoretical calculations with the period dx=100 m, 
and (d) dx=30 m.13 
For better understanding the horizontal coupling between two adjacent slots, 
we introduce an analytical calculation based on modal expansion assuming 
perfect conductor and infinite array.44 One more assumption is that we use the 
single mode approximation considering only the half-wavelength mode for 
each slot. Based on these assumptions, we obtain the zeroth order normalized 




















































  , 
where dx, dy are periods along the x and y directions respectively, n the 
refractive index of substrate, k the wave vector of the incident light, h the 
thickness of metal,  the waveguide vector,  222 / lk   , and finally W 
the self-illumination term describing coupling of the hole-eigenmodes with 
the incident wave.28,31,42,45 
In Fig. 4.2(c) and 4.2(d), the transmission curves obtained by our analytical 
solutions are in good qualitative agreement with our experimental results. 
Especially, even though the used metals in experiments are considered as 
perfect electric conductor, our theoretical approaches still capture the essential 
physics, including the increasing line width and blue-shift of the peak position 
with decreasing period. However, for the 100 m period case, the normalized 
amplitude value shows noticeable disagreement between the experimental and 
theoretical results, most likely due to the small number of nano-slot antennas 
in each direction: only nine.46,47 Despite this disagreement, we emphasize that 
the broadband performance enabled by decreasing the period is well explained 
in both of the experiment and theoretical model and the slot array with single 
resonance may not give enough bandwidth.42,48 So we can guess that the new 
slot array with multiple resonances, including different length slot antennas, 
would provide the bandwidth encompassing all fundamental resonances 
corresponding to each length. 
Here, we show an elegant way to achieve the ultra-broadband performance 
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using a multi-antennas-per-unit cell idea, in the broad range from 0.2 to 2.0 
THz. The unit cell structure borrows the concept of log-periodic antennas 
introduced by DuHamel and Isbell.49,50 In our unit cell, ten THz nano-slot 
antennas with four different lengths are contained, as shown in Fig. 4.3(a). 
The design rule is that: l1=200 m, l2= l1/2=100 m, l3= l1/3=67 m, l4= 
l1/4=50 m, with all antennas having the same width of 250 nm. To maintain 
the same coverage for each antenna length, we have four antennas in column 
with l4= 50 m, three antennas with l3=67 m, and two antennas with l2=100 
m. The spacing between the adjacent two antennas is arranged such that 
s1=2s2=4s3. We consider two structures with different periods: dx=110 m; 
s1=40 m and dx=40 m; s1=15 m, with the unit cells denoted by solid lines 
in Fig. 4.3(b). In Fig. 4.3(c), the normalized amplitudes for the samples show 
ultra-broadband spectra of over 3 octaves spanning from 0.2 to 2.0 THz. In 
the case of the period dx=40 m, the period pushes the Rayleigh minima out 
of our spectral range of the four fundamental resonances (0.35 THz, 0.7 THz, 
1.1 THz and 1.5 THz) for each length of nano-resonator, resulting in about 70% 
of normalized amplitude over the whole spectral range. With the recent 
introduction of active terahertz metamaterials controlled by an external 
stimulus,39,40,51,52 log-periodic THz nano-slot antennas can provide further 




Figure 4.3 (a) Schematic of log-periodic terahertz nano-slot antennas with 
four different lengths (l1=200 m, l2=100 m, l3=67 m, l4=50 m), three 
different spacings (s1, s2, s3), and the same width (w=250 nm). (b) SEM 
images of the two samples with different periods: dx=110 m (s1=40 m, 
s2=20 m, s3=10 m) (top) and dx=40 m (s1=15 m, s2=7 m, s3=4 m) 
(bottom). Solid line boxes denote a unit cell in each structure. (c) Normalized 
amplitude spectra measured through the two samples with different periods of 
110 m (dashed line) and 40 m (solid line) in the range between 0.2 and 2.0 
THz.13 
4.4 Substrate effect on the resonance of THz nano-slot 
antenna array 
In this work, we show that resonance behaviors of a single THz nano-slot 
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antenna perforated in a thin metallic film on a finite dielectric substrate 
depend on the substrate thickness as well. The earlier works of freestanding 
single slot antennas in PEC showed that the resonance peak position slightly 
shifts to lower frequencies (red-shift) as increasing the width.53,54 On the other 
hand, as the substrate thickness is reduced to several microns, the resonance 
frequency is clearly blue-shifted for the increasing the slot width where 
Ohmic loss in metal plays an important role.55,56 We also demonstrate these 
resonance shifts can be seen not only in real metal but in perfect electric 
conductor (PEC) cases.32 All in all, the substrate thickness and the slot width 
in the extreme subwavelength limit are additional crucial factors determining 
the resonance frequency of THz slot antennas on a finite substrate. 
We experimentally study resonance behaviors of slot antennas in two different 
cases. Slot antennas with a fixed length (l=150 m) but different widths are 
perforated in a 60 nm-thick gold film deposited on a combined 2 m -thick 
SiN/SiO2 substrate (Fig. 4.4(a)) and on a Si substrate with 500 m thickness 
(Fig. 4.4(b)), respectively. Our slot antennas with various widths (150 nm, 500 
nm, 1 m, 2 m, and 5 m) are investigated with the normally incident light 
with polarization parallel to the width direction. Scanning electron microscope 




Figure 4.4 (a) Schematic diagram of a single slot antenna in a gold film on a 
finite substrate (SiN+SiO2), including the spatial dimensions. (b) A slot 
antenna with a 500 m thick Si substrate. (c) SEM images of slot antennas 
with diverse widths (w = 5 m, 2 m, 1 m, 500 nm, and 150 nm). 
In Fig. 4.5(a) and 4.5(b), we presented transmittances of slot antennas on the 2 
m thick SiN substrate and on the 500 m thick Si substrate, normalized by 
transmittances through each bare substrate. The resonance peak positions on 
two substrates commonly shift to higher frequencies (blue shift) for increasing 
width, as a real metallic feature of the thin gold film in THz frequencies. 
Especially, the resonance frequency difference between the narrowest and the 
widest slot on the 2 m thick SiN substrate is larger than that on the 500 m 
thick Si substrate.  
We also perform three-dimensional finite difference time domain (FDTD) 
simulations57-59 and obtain the enhancement of transmitted electric fields 
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through different widths of rectangular holes (w = 150 nm, 500 nm, 1 m, 2 
m, and 5 m) on two substrates, 2 m thick SiN and 500 m thick Si 
substrates. For Fig. 4.5(c) and 4.5(d), the metal film is considered as real 
metal (gold) with thickness h = 60 nm. The FDTD simulations show good 
agreements with corresponding experimental results in Fig. 4.5(a) and 4.5(b). 
 
Figure 4.5 (a) Normalized transmitted amplitude spectra measured through 
slot antennas with length l=150 m, and different widths w=150 nm, 500 nm, 
1 m, 2 m, and 5 m on the 2 m thick SiN substrate. (b) The same as (a) 
but with a 500 m thick Si substrate. (c) The FDTD simulations for SiN, and 
(d) for Si substrate.32 
For better understanding fundamental physics of such resonance behaviors on 
dielectric substrates with different thickness, we perform the modal expansion 
model although the finite substrate effect is missing.5,55 For a slot antenna 
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perforated in an extremely thin metal film, the resonance frequency and the 
spectral broadness of the transmitted field are determined by the real and the 
imaginary value of the self-radiation, respectively, and the self-radiation is 
given by the in-plane modal integration of the Green function multiplied by 
the form factor of the slot antenna. The Green function is functionalized to 
multiple reflections of electromagnetic waves in the substrate, thereby 
independent from the slot antenna dimensions. The form factor means the 
Fourier-transformed expression of the slot antenna in mode space. For the 
narrow slot antennas, the form factors are constantly distributed over entire 
mode space, and the real value of the self-radiation has most contribution in 
evanescent modes,31 thereby resonance frequencies of the narrow slot 
antennas are relatively insensitive to multiple reflections of the transmitted 
wave in a finite substrate, compared to those of the wider slot antennas.  
Conclusively, we present the resonance behaviors of a single slot antenna 
perforated in a gold film on finite substrates. We find that the slot width and 
the substrate thickness are other crucial parameters for determining resonance 
behaviors of THz slot antennas on finite substrates, while the slot width has 
almost no influence on the resonance of freestanding metallic apertures. 
Moreover, when the substrate thickness decreases below 2 m, the blue shift 
of resonance peak can be found in real metal film. We can apply our results to 
research area where sophisticated resonance frequency control is requested, 





Chapter 5 Strong coupling between slot 
antennas separated by sub-skin depth 
barriers 
5.1 Introduction 
The transmission properties of periodic arrays of slot antennas have been 
investigated where almost perfect transmission was explained by strong field 
enhancement inside the holes.13,41,42 Furthermore, ultra-broadband THz 
transmission through periodic slot antenna arrays has been achieved with a 
deep subwavelength period of 2 m, due to the strong coupling among 
horizontally aligned slots.60 However, the coupling between vertically aligned 
slot antennas has generally been ignored, because the coupling between 
parallelized dipoles is relatively weak compared to that between serialized 
dipoles. Hereby one fundamental inquiry would be the threshold spacing 
between two vertically aligned slots, recognized as one single or two 
individual slots by an incident electromagnetic wave. 
In this chapter, we experimentally demonstrate a nano-scale control of the 
coupling between two vertically aligned slot antennas with an extremely small 
separation between them, down to 5 nm. At large separations, constituting a 
hard boundary for the slots, a resonance f corresponding to the half-
wavelength resonance of the two identical slots is found. As the separation 
decreases to the below skin depth level, the resonance is ultimately shifted to 
f/2: there exists a strong coupling between the slot antennas, so that they 
43 
 
essentially merge together to form a new fundamental mode. 
5.2 Paired positive rod antennas vs. paired negative slot 
antennas 
Recently, paired positive metallic nanostructures, such as, nanoshell,61-63 
nanorod,64-66 and nanoparticles,67-69 with air or dielectric nano gaps have 
received much attention regarding the field enhancement,70 nanoparticle 
detection,34,71,72 and pattern-tuning ability73,74 in visible and infrared regimes 
(Fig. 5.1(a), left). At distances below 1 nm, a new resonance mode arising 
from electron tunneling through the air gap emerges75,76 (Fig. 5.1(b), top). 
However, it is experimentally quite difficult to observe the continuous 
transition to the dipole resonance across the entire length of the nanostructure 
because of the problem on fabrication of sub-nanometer air gap with an 
accuracy of less than 0.1 nm.75-77 
On the other hand, when we consider two vertically-aligned “negative” (slot) 
antennas (Fig 5.1(a), right) with a metallic nano-scale barrier, slots replacing 
metals and the metallic barrier replacing the air gap, another important length 
scale enters. The coupling between the paired slots changes drastically as the 
barrier width decreases from the skin depth () to extreme sub-skin depth 
() (Fig. 5.1(b), bottom)- in this sense, the Babinet’s principle is not 
applicable when comparing antennas and slot antennas with sub-skin depth 
barriers. This is because the strongly enhanced resonant electric field inside 
each slot can penetrate through the sub-skin depth barrier, couple the adjacent 
resonant modes, and generate a new resonant mode. To use Maxwell’s 
correspondence, the sub-skin depth barrier cannot carry enough current to 
44 
 
completely separate the two slot antennas. The deep-sub skin depth regime, 
despite its vast potential for exploring fundamental physics and for unique 




Figure 5.1 (a) Schematics of (left) an air nano gap width s between paired 
positive antennas and (right) a metallic nano barrier with width s between the 
paired THz slot antennas with a length l and a width w fabricated on a thin 
gold film with a thickness t. In the slot antennas, the p-polarized lights with 
polarization perpendicular to the long axis of the rectangle are normally 
incident on the sample. (b) The comparison between (top) positive antennas 
and (bottom) negative slot antennas making resonance transitions from the 
resonance at frequency  of each individual antenna to the resonance at  
of the entire-length antenna, depending on the separation between the two 
antennas.30 
5.3 Metallic nano barrier between the paired THz slot 
antennas 
We measure transmission spectra of two vertically-aligned identical slot 
antennas in a frequency range from 0.1 THz to 1.0 THz using terahertz time 
domain spectroscopy. The slot antennas, patterned by focused ion beam, have 
dimensions of length l=150 m and width w=120 nm in a gold film with 
thickness t=60 nm deposited onto a 2 m-thick SiN/SiO2 substrate (Fig. 
5.2(a)). Nano barriers with mean widths of s=0, 5, 15, 50, 120, 220, and 410 
nm separate the two equal-length slot antennas (Fig. 5.2(b)). Especially, the 
strong field enhancement of over 1,000 characterizing THz slot antennas with 
extremely large aspect ratio helps modulating the antenna resonance using the 




Figure 5.2 (a) A schematic of two slot antennas with a length l and a width w 
separated by s, fabricated on a thin gold film with a thickness t. (b) Enlarged 
scanning electron microscopy images of two slots with s=410 nm, 120 nm, 15 
nm, and 5 nm. 
In Fig. 5.3, we start to see significant red-shift in the resonant transmission 
peak already for s=120 nm close to the skin depth of gold (gold=118 nm at 0.4 
THz14,78). For the thinnest 5 nm-wide nano barrier we used, it is noted that the 
resonance frequency converges to that of a two-times-lengthened slot antenna. 
To our knowledge, this strong coupling result is the first observation of the 
continuous transition from the half- to the full-wavelength modes in a metallic 




Figure 5.3 Experimental normalized-to-area amplitude spectra of two 
identical THz slot antennas (l=150 m and w=120 nm) separated by various 
barriers of width s=0, 5, 15, 50, 120, 220, and 410 nm.30 
For better understanding the physical origin of this evolution of the 
transmission spectra, we use a theoretical formalism based on a modal 
expansion of the electromagnetic fields in our structure.5,6,44 It should be noted 
that our theoretical framework can accurately work with the extremely large 
aspect ratio of the slot antenna, about 2500, even though most of the standard 
tool used in nano-optics, such as the finite-difference time-domain (FDTD) 
method, has a limitation to solve this problem due to the combination of very 
different length scales. For applying our theoretical approach to the two paired 
slot antennas with the metallic barrier at the middle, we introduce the 
following two approximations: First, all external air-metal interfaces except 
the contact with the nano barrier are applied to perfect-metal boundary 
condition. We use a conventional Drude-like formula for the dielectric 
constant of the metallic nano barrier. Second, we only consider the 
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fundamental mode of the whole aperture.     
Figure 5.4 shows the normalized-to-area transmitted amplitude as computed 
for the seven different samples considered in Fig. 5.3. As shown in this figure, 
there is a good agreement between the theoretical calculations and the 
corresponding experiments, both in the amplitude and the spectral position of 
the resonant transmission curve, in which no fitting parameters are used in our 
numerical calculations. There are slight discrepancies between theory and 
experiments, being attributed to the following facts. On the one hand, SEM 
images of several transversal cross sections of the nano barriers show that the 
actual shape of the nano barriers resemble a rectangular pyramid with rounded 
edges, not a perfectly rectangular block as considered in our theory. On the 
other hand, in our theory, we used conventional bulk parameters for gold at 
THz frequencies for simulating the electromagnetic response of the nano 
barrier by means of a Drude-like formula. However, several earlier works 
show that those parameters, such as the dielectric constants of the metal, can 
be changed in sub-skin depth metallic films.57,58 We have also found that this 




Figure 5.4 Normalized-to-area amplitude spectra numerically calculated for 
seven cases of the two identical THz slot antennas (l=150 m and w=120 nm) 
considered in Fig. 5.3 
5.4 Application  
To apply our concept to the nanoparticle detection using terahertz waves, we 
investigate whether a metallic nanoparticle placed on top of a slot antenna can 
shift the resonance, all the way to separating the two cavities. We introduce 
platinum (Pt) nanoparticles placed on the top of the THz slot antenna with 
dimensions of a total length l=300 m and a width w=120 nm (Fig. 5.4(a)). Pt 
nanoparticles are fabricated by Pt-deposition method using focused ion beam. 
Figure 5.4(b) shows normalized-to-area amplitude spectra, with the two 
nanoparticles at the center position, of the THz slot antenna with the 
fundamental resonance of 0.2 THz, as used in previous figures. A nanoparticle 
with 600 nm width at the mid-point turns off the fundamental, and generates a 
new resonance at twice the fundamental resonance frequency. A smaller 
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particle with 200 nm-width nanoparticle affects the resonance much less, 
although a sizable shift is noticeable. Comparison with nano barrier data 
indicate that the effective separation s introduced by a nanoparticle sitting on 
top of the aperture would be much smaller than its size, strongly suggesting 
that the resonance shift can be a very sensitive measure of the contact between 




Figure 5.5 (a) A schematic of a platinum (Pt) nanoparticle on the THz slot 
antenna with dimensions of a total length l=300 m and a width w=120 nm. 
An (top) SEM picture of a Pt nanoparticle with a length of 1 m, a width of 
600 nm, and a thickness of 400 nm, located at the center position on the THz 
slot antenna. At the bottom, an enlarged SEM image of a smaller nanoparticle 
with length of 1 m, width of 200 nm, and thickness of 250 nm. (b) 
Normalized-to-area amplitude spectra of the THz slot antenna without 
nanoparticle, with the 600 nm-width, and 200 nm-width nanoparticles at the 
center position.30 
5.5 Conclusions 
We have presented that a sub-skin depth metallic barrier separating two 
vertically-aligned terahertz slot antennas allows strong coupling, forming a 
transition state between the full-wavelength and the half-wavelength states. 
Penetration of a diffracted light through the 5 nm wide nano barriers of the 
extreme sub-skin depth limit, ~/20, enables terahertz electromagnetic waves 
to be tailored by nano objects paving important paths towards ultra-sensitive 




Chapter 6 Terahertz pinch harmonics 
6.1 Introduction and Background 
A pinch harmonic (or guitar harmonic) is a musical note produced by lightly 
touching the thumb of the picking hand upon the string immediately after it is 
picked.79 This technique turns off the fundamental and all overtones except 
those with a node at that location. Here we present a terahertz (THz) analogue 
of pinch harmonics, whereby a metallic nanorod placed across a terahertz 
nano-slot antenna shifts or overdamps the resonance depending on the rod-
size. Strikingly, smaller nanorods turn off transmission much more drastically 
than their larger counterparts. By modeling a nanorod inside a nano-slot, we 
show that THz pinch harmonics yielded by the nanorod with sub-skin depth 
dimensions can be qualitatively understood within a microscopic theory of the 
transmission through the hole.80 Our work demonstrates that terahertz 
electromagnetic waves can be tailored by nano particles, paving important 
path towards THz switching and detection applications. 
Hereby, we demonstrate a terahertz analogue of pinch harmonics (Fig. 6.1(a)) 
by placing a nano-sized obstacle in a THz nano-slot antenna.18 We show that a 
single metallic nanorod (Fig. 6.1(b)) as an obstacle could select a specific 
higher mode or mute nearly all the resonance modes in the hundreds of 
micrometer length hole despite the rod’s dimension being smaller than about 
000,1






Figure 6.1 (a) Schematic diagram of a single nanorod on a THz nano-slot 
antenna. The p-polarized terahertz pulses with polarization perpendicular to 
the long axe of the rectangle are normally incident on the sample. (b) (top) An 
SEM picture of a larger nanorod with a length l2=1 m, a width w2=600 nm, 
and a thickness t2=400 nm at the 1:2 position on a THz nano-slot antenna 
(length l1=300 m and width w1=120 nm). In the bottom, SEM images of an 
enlarged area around first larger nanorod (left), and second smaller nanorod 
(right) with l2=1 m, w2=250 nm, and a thickness t2=250 nm.18 
For an ordinary pluck of a string, the resulting vibration is a superposition of 
standing waves: the first few modes (n=1, 2, and 3) are illustrated in Fig. 
6.2(a). If we wish to have higher harmonic modes, we firmly place our finger 
at, say, the 1:2 position along the string, generating two different fundamental 
modes at each side, suppressing the original fundamental mode completely 
(Fig. 6.2 (b)). When the finger lightly touches the same position on the string, 
the third harmonic becomes the dominant mode, suppressing both the original 
fundamental mode and the new fundamental mode of the long side (Fig. 6.2 
(c)). This technique is called ‘pinch harmonics’, being useful for fine-tuning a 
guitar. The concept of terahertz pinch harmonics is when the string is replaced 
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by the extreme-ratio nano rectangle and the finger by nanorods. 
 
Figure 6.2 Schematics of standing waves (n=1, 2, and 3) on a string without 
touch (a), two isolated fundamental modes on each side by a finger located at 
1:2 position (b), and dominant third harmonic mode by a pinch harmonic 
technique (c). In the bottom, schematic diagrams of THz nano-slot antennas 
without nanorod (a), with a large nanorod (b), and with a smaller nanorod (c) 
at 1:2 position on the hole. 
6.2 Experimental results 
Shown in Fig. 6.3 are transmission spectra of vertically-aligned single nano-
slot antennas in the frequency range from 0.1 THz to 1.1 THz using THz time 
domain spectroscopy.20,81 The THz nano-slot antennas, patterned by focused 
ion beam (FIB), have dimensions of l1=300 m and w1=120 nm on gold film 
of 60 nm thickness deposited onto a 2 m-thick SiN/SiO2 substrate, inducing 
strong electric field enhancement of more than 1,000 inside the aperture at the 
fundamental resonance of 0.26 THz. We prepare two nanorods (Fig. 6.1(b) 
(bottom)) by Pt-deposition method using FIB. The larger rod (Fig. 6.1(b), 
bottom left) has a dimension of l2=1 m, w2=600 nm, and t2=400 nm, while 
the smaller one (Fig. 6.1(b), bottom right) has l2=1 m, w2=250 nm, and 
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t2=250 nm. When we put the larger nanorod at the 1:2 position, the resonance 
peak is pushed to about 0.34 THz caused by the new nano-slot antenna with 
the length of 200 m. For the smaller nanorod placed at 1:2 position, indeed 
the third harmonic resonance (fres=0.78 THz) dominates in the pinch harmonic 
sense. Despite this dominance, the original fundamental mode still peaks with 
a high frequency shoulder mostly likely from the fundamental mode of the 
long side. 
When we move the small nanorod to the 1:1 position, the symmetry of the 
system brings further profound change to the transmission spectra. Putting the 
nanorod to the mid-point turns off the n=1, 3, 5 modes. Even the n=2 mode, 
which can survive because it has node in the middle, do not radiate to the far-






according to Kirchhoff formalism, where R is the distance from the aperture 
to the detector and A is the aperture area.82 Figure 6.3(b) shows transmittance 
spectra, measured for the same l1=300 m nano-slot antennas without 
nanorods, and with the same parameter small nanorod as used in Fig. 6.3(a). 




Figure 6.3 (a) Experimental transmittance through single THz nano-slot 
antennas with the single larger (600 nm-wide) and smaller (250 nm-wide) 
metallic nanorods at the 1:2 position, and without nanorod. (b) Transmittance 
spectra through the same nano-slot antennas without nanorod and with the 
same parameter small nanorod, as shown in (a), at 1:1 position 
6.3 Theoretical calculations: Microscopic diffraction 
model 
For better insight into THz pinch harmonics, a microscopic diffraction model 
with a gold nanorod fit into the slot is carried out, as shown in Fig. 6.4(a) 
(top). In a view of microscopic diffraction of light,80 we consider the 
simplified model as in Fig. 6.4(a) (bottom) fitting the nanorod with a width s 
at the location of P2. When light passes through a long rectangular aperture at 
the normal incidence, resonance of light inside the slot arises due to the 
constructive build-up of reflected components of electromagnetic waves by 
the edge of rectangle. When the nanorod is placed inside the aperture, it 
causes partial reflection and transmission of light. The partially transmitted 
light gets reflected at the other edge (P3) and destructively interferes with the 
reflected light by nanorod, resulting in THz pinch harmonics.  
We assume that scattered light with electric field amplitude 01E  is injected at 
P1. Then the subsequent electric field inside the rectangle with the length 
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If we denote mE1 to be the amplitude of light injected at P1 after m-times 




























































































  is the transmission coefficient through the nanorod with the 
width s,   the skin depth of gold, 21 t  the reflection coefficient at 
the nanorod, and r the reflection coefficient at two edges. Since light is also 
injected via diffraction at the other edge P3, the total electric field is given by 
   1221 ,, ddEddEEtot  . Diffractions at the nanorod with sub-skindepth 
dimensions can be ignored.14,16,83,84 The magnitude of transmission resonance, 






Figure 6.4(b) and 6.4(c) shows transmitted spectra with the nanorods at the 
1:2 and 1:1 positions obtained from our microscopic diffraction model. At an 
s of around 0.3we obtain qualitatively similar results with the experiments 
shown in Fig. 6.3. However, the dimension of the nanorod in experiments is 
about two times larger than its skin depth. This difference is because the 
coupled electromagnetic wave could feel the nanorod with bridge-type 




Figure 6.4 (a) (Top) Schematic diagram of a simplified model with a gold 
nanorod (width s) at d1:d2 position inside the THz nano-slot antenna. (Bottom) 
Microscopic diffraction processes at the nanorod and the two edges of the 
aperture under illumination by the THz wave at the normal incidence. (b) 
Transmitted field amplitude spectra of the samples with various nanorod 
widths at 1:2 position inside the slot, obtained by the microscopic diffraction 
theory. (c) The same as (b) except the 1:1 position. 
6.4 Conclusions 
We present a new THz metamaterial shifting its resonance to the higher 
harmonic by a single nanorod on each THz nano-slot antenna, depending on 
the rod-size and rod-position, analogous to the pinch harmonics. Unlike pinch 
harmonics by guitar, the nanorod at 1:1 position on the aperture strikingly 
shuts off all the resonance up to 80%, showing a novel aspect of THz pinch 
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harmonics. It has a great potential for developing applications to block the 
strongly funnelled electric fields inside hundreds micron length holes by 
relatively small nano-sized particle. This ability might prove crucial in 
achieving terahertz electrical or optical switching devices40,85, detecting 





Chapter 7 Detection of single nano-
particle embedded in terahertz nano-
slot antenna 
7.1 Introduction 
Observation of single nanoparticles, having dimensions in deep sub-
wavelength region, has been still a big issue since it requires detection of very 
weak light absorption or scattering. Recently, the ability to detect individual 
nanoparticles using sub-wavelength metallic structures, such as plasmonic 
dipole antennas and microresonator, has been a widely spread tool for 
observing optical properties of single metallic nanoparticles and 
biomolecules.33,34,71,93,94 Here, we investigate whether single metallic 
nanoparticles with a dimension of nm fitted into nano-slot can be detected 
using a THz wave with sub-millimeter wavelength. Strikingly, single gold 
nanoparticles inside single THz nano-slot antenna induce a noticeable 
modulation of the THz transmission through the slot. This ability would pave 
a new way for detecting nanoparticles in infrared and THz regimes. 
7.2 Absorption and scattering cross section of gold 
nanoparticle 
According to Optical theorem introduced by Sellmeier and Rayleigh, 




























CkC scaabs  
where  is the polarizability of the particle. The polarizability of the 
















 Va  
where  the dielectric constant of the metal, V the volume of the particle, and 
a the radius of the sphere. 
When we consider one gold nanoparticle with a diameter of 100 nm at the 
wavelength of 500 m, the absorption and scattering cross section of this gold 
nanoparticle in free space are the following: 
227223 m1026.3andm1030.9   scaabs CC  
In THz experiments, the area of incident THz wave is 10-6 m2 and the signal to 
noise ratio of our THz transmission setup is about 104. The detection 
limitation of our experimental setup is about 10-10 m2. Therefore, when a 
single gold nanoparticle exists in free space, it would be so difficult to see the 
THz transmission modulation enabled by the particle because the absorption 
cross section of the particle is much smaller than the detection limitation of 
our experimental setup. For overcoming the diffraction limit, we suggest THz 
nano-slot antenna as a new tool for the detection of a single gold nanoparticle 
inside the slot in the THz region. 
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7.3 Experimental results 
In this section, we experimentally demonstrate THz transmission modulation 
enabled by placing a single gold nanoparticle inside a single THz nano-slot 
antenna (Fig. 7.1(a)). When we put gold nanoparticles with the diameter of 
100 nm into the THz nano-slot antenna with the length of 150 m and the 
width of 120 nm, as shown in Fig 7.1 (b) and (c), the nanoparticle as an 
obstacle could disturb the fundamental resonant mode in the hundreds of 






Figure 7.1 (a) Schematic of a single gold nanoparticle inside a single THz 
nano-slot antenna. Only the nanoparticle inside the slot antenna can be 
strongly coupled with a terahertz wave. (b) Scanning electron microscopy 
(SEM) image of the THz nano-slot antenna with a length of 150 mm and a 
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width of 120 nm on a 100 nm-thick gold film. (c) Enlarged SEM image of 
only two single gold nanoparticles with a diameter of 100 nm inside the slot 
Figure 7.2(a) depicts the schematic diagram of the sample fabrication process 
using the method of drop-drying the gold nanoparticles solution onto the slot 
sample.87,96 When we put just two gold nanoparticles inside the THz nano-slot 
antenna, as shown in Fig. 7.2(b), the resonant transmission amplitude is 
decreased to 65 % in Fig. 7.2(d). When we put 2 times more nanoparticles of 
8101.1   inside the slot, the resonant transmission becomes totally blocked. 
For the control experiment on bare quartz substrate without the metallic 
pattern, we put 40 times more same nanoparticles onto the bare quartz, as 
shown in Fig. 7.2(c). In Fig. 7.2(e), as increasing the number of the particles 
until 9103.1  , the THz transmission maintains almost 1 because the total 
absorption cross section of the 100 nm gold nanoparticles, 10-13 m2, is much 
smaller than the area needed for the detection using our THz experimental 
setup, 10-10 m2. To observe noticeable transmission modulation by the 
nanoparticles without the slot antenna, we need 1,000 times more 
nanoparticles of about 121008.1   on the bare substrate than the largest 
number of the particles when we used the slot antenna. This phenomenon is 
attributed to the presence of the strong local field, which could increase the 
scattering or the absorption from particles thereby enabling detection of 




Figure 7.2 (a) Schematic diagram of the process during the early stages of 
drying the solution with the gold nanoparticles (not to scale), showing how 
nanoparticles are located inside the THz slot antenna. (b) Enlarged SEM 
image of only two single gold nanoparticles with a size of 100 nm inside the 
slot. Other 5.5*107 nanoparticles outside the slot are located in the circular 
area with a diameter of 10 mm around the THz slot antenna (Density: 1.7 m-
2). (c) Enlarged SEM image of a lot of same gold nanoparticles with total 
number of 1.3*109 in the same area on the bare quartz substrate. (d) 
Experimental normalized transmitted (electric field) amplitude spectra 
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through a single THz nano-slot antenna without and with gold nanoparticles. 
(e) Normalized amplitude spectra through the same gold nanoparticles with 
the density of 41 m-2 on the bare quartz substrate, using transmitted 
amplitude through the bare quartz without nanoparticles as a reference 
7.4 Conclusions 
In summary, we have successfully detected 100 nm single gold nanoparticles 
using the single THz nano-slot antenna. Single gold nanoparticle fitted into 
the nano-slot induces the dramatic changes in the amplitude of the resonant 
transmission up to 35 %. This modulation is accompanied by the strong 
coupling between the gold nanoparticles and the slot antenna, disturbing the 
fundamental resonant mode of the slot antenna. This work unveils the 
potential associated to nanoparticles detection in far-infrared and THz 
frequency regions with localized surface plasmon resonance based sensing 
techniques, in order to observe sensitively organic or bio molecules, having 





Chapter 8 Conclusions 
In this thesis, the coupling effects between THz nano-slot antenna and 
metallic nano-objects, such as, nano-barrier, nano-rod, and nano-particle, has 
been investigated both experimentally and theoretically at the slot antenna’s 
resonance. We have also introduced standard fabrication procedures, such as 
focused ion beam and electron-beam lithography, for providing a general 
recipe for the implementation of the rectangular hole with hundreds micron 
length and nano-sized width, acting as a slot antenna in THz region. These 
nano-slot antenna samples are observed by the transmission-type THz time-
domain spectroscopy with high signal-to-noise ratio of over 10000:1 and 
tightly focused spot size of below 1 mm. 
The first part of this thesis deals with detailed fundamental investigations of 
the THz nano-slot antennas. We have demonstrated that the strong electric 
field enhancement of the single nano-slot with the width of about nm is 
over 1000 at its resonance. We have also shown that an ultra-broadband 
performance with average normalized amplitude of 70 % can be realized 
through log-periodic THz slot antennas with a striking aspect ratio of 400:1 
and large field enhancement in THz region. It should be noted that nano-slot 
antennas have the decisive advantage over microns wide structures in that the 
lateral distances between two adjacent slots can be very small, to be less than 
5 m. This ability to close-packing many antennas within small area, still 
maintaining a small coverage, is crucial in achieving the broad spectrum and 
high transmittance without sacrificing large field enhancement.  
Moreover, we have showed vertical coupling between two nano-slot antennas 
separated by a single metallic nano-barrier. The proposed system has enabled 
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the observation of the transition state arising at the continuous crossover 
between the half- and the full-wavelength states supported by the slot antenna. 
This work opens new potentials to tailor the control of terahertz 
electromagnetic wave using deep sub-skin metallic nano-objects and may lead 
to the realization of novel schemes for ultrasensitive tuning and detection of 
nanoscale objects using electromagnetic wave with a millimeter wavelength. 
Finally, we have proposed a new concept in strong coupling between the 
nano-slot antenna and metallic nanoparticles. We showed that a single gold 
nanoparticle placed on or fitted into THz nano-slot antenna greatly influences 
its spectrum, shifting one specific resonance analogous to pinch harmonics, or 
decreasing the amplitude of the resonant transmission. This ability provides 
new physical origin for controlling far-field transmission without the need to 
change dielectric property of the whole substrate under the slot22,40, which 
limits speed. Moreover, the extreme sensitivity to nanoparticle dimensions 
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기존의 연구들을 통하여 광학 안테나는 국소 전자기장의 증폭 및 
나노 입자 또는 생분자 검출과 관련하여 많은 관심을 받아왔다. 
특히 광학 안테나를 이용하여 증폭된 강한 국소 전기장은 작은 
입자로부터의 산란 및 비선형 방사(nonlinear emission) 현상을 
증가시키며 결론적으로 빛의 회절 한계를 극복하면서 파장보다 
훨씬 작은 입자들의 검출을 가능케 하였다. 이러한 기존 연구들을 
바탕으로 본 논문에서는 광학 안테나의 개념을 테라헤르츠 주파수 
대역에 적용시킨 테라헤르츠 나노 구멍 안테나에 대해 다룬다. 
테라헤르츠 나노 구멍 안테나란 수백 마이크로미터 길이를 
가지면서 수십 또는 수백 나노미터 너비를 지니는 직사각형 구멍 
안테나를 말한다. 이 테라헤르츠 나노 안테나는 파장이 수백 
마이크로미터에서 수 밀리미티에 이르는 테라헤르츠 전자기파의 
나노미터 수준의 정밀한 제어를 가능하게 한다. 특히 본 










 보다 작은 금속 나노 입자 사이의 강한 상호작용 
현상에 대해 연구한다. 일반적으로 자유 공간에 있는 나노 입자는 
그 단면(cross-section)이 매우 작아서 테라헤르츠 전자기파로는 
검출이 불가능하다. 그러나 나노 입자를 나노 구멍 안테나 안에 
놓았을 때, 우리는 둘 사이의 강한 상호작용 현상을 관찰할 수 
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있으며, 이러한 현상은 안테나 구멍 안에서의 다중 반사 효과로 
인하여 나노 입자와 테라헤르츠 전자기파 사이의 실제 상호작용 
빈도수가 크게 증가하기 때문에 나타난다. 이 뿐만 아니라, 이 
논문에서는 나노 구멍 안테나에 대한 기본적인 특성에 대한 연구도 
다루었는데, 나노 구멍 안테나 안에서의 강한 전기장 집속 현상과 
수직 또는 수평 방향에 놓여 있는 두 인접한 나노 구멍 안테나 
사이의 상호작용에 대한 연구를 수행하였다.  
 
주요어: 테라헤르츠 시분할 분광, 테라헤르츠 나노 구멍 안테나, 
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알아주셨으면 합니다. 
 첫 번째로 저의 박사과정 지도 교수님이신 김대식 교수님께 
감사의 인사를 올립니다. 김 교수님께서는 지난 4년반동안 
연구자로서 익혀야 할 많은 지식과 마인드, 실험 환경, 인적 
네트워크까지 모두 주셨습니다. 그런 교수님의 지원과 기대에 반도 
부응하지 못한 점을 죄송스럽게 생각하며 앞으로 더욱더 
분발해야겠다는 생각을 다시금 하게 됩니다. 안광준 박사님 또한 
같은 기간 동안 저에게는 연구자로서의 또 하나의 롤모델 이었으며 
아낌없는 가르침과 격려를 주셨습니다.  
 처음에 연구실 들어왔을 때 FRET 실험을 가르쳐주시면서 
연구자의 마인드를 알려주신 자일이형, 그 당시 같이 실험을 하며 
열심히 가르쳐주던 정민이, 언제나 저의 어설픈 질문에 성심 성의껏 
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답변해주신 중욱이형, 비록 연구실에서 같이 생활한 시간은 
짧았지만 스위스에서 친동생처럼 챙겨주셨던 광걸이형, 실험이든 
연구든 언제나 제가 모르는 부분을 시원할 때까지 긁어주셨던 
수봉이형과 두재형, 저에게 FIB를 가르쳐주신 여찬이형, 처음 
연구실 들어갔을 때부터 따뜻하게 대해주신 진은누나, 제가 김대식 
교수님 연구실에 들어올 수 있게 힘써주시고 대학원 기간 내내 
정말 많은 도움을 주신 현우형, 테라헤르츠라는 분야를 시작하면서 
가장 오랫동안 같이 일하고 기초부터 논문 쓰는 것까지 세세하게 
가르쳐준 좋은 선배이자 파트너인 민아, 연구실에 있을 때 뿐만 
아니라 KANC에 있을 때도 많은 도움과 지원을 해준 재성이, 
학부생으로 같이 있으면서 서로 격려해주던 동호까지 연구실 
선배님들의 자상하고 훌륭한 가르침 덕분에 오늘날의 제가 있게 된 
것 같습니다. 
민아 못지않게 오랫동안 테라헤르츠 분야에서 같이 일해온 지수, 
방장으로서 교수님과 학생들 사이의 중계자 역할을 멋지게 잘 
수행하면서 지금은 연구도 열심히 하는 영균이, 나의 대학원 후반기 
연구에서 가장 열정적으로 도와주고 함께하였던 영미, 젠틀하고 
똑똑한 규환이, 학부선배이자 연구실에 오셔서 많은 힘든 일을 
멋지게 해결하신 석호형, 항상 나를 잘 따라주고 챙겨주는 완서, 
밝은 표정으로 항상 파이팅 넘치는 지예, 논리적이고 주관이 또렷한 
모습이 멋진 준연이, 성실하고 꾸준한 태희, 똑똑하면서 의젓하기도 
한 덕형이, 착하고 부드러운 남자 광희, 박남규 교수님 연구실에 
있을 때부터 나를 많이 도와주고 여기 와서도 열심히 잘하고 있는 
상훈이, 이제 연구자로의 첫발을 내딛는 적극적인 모습이 좋아 
보이는 지윤이까지 연구실 모든 후배들의 직간접적인 도움과 
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열정적인 모습들은 저에게 많은 자극과 힘이 되었습니다.  
또한 센터연구원으로 재직하면서 아주대에서 샘플 제작에 고생 
많이 하셨던 김현선씨와 최재욱씨, 장비 사용 및 여러 가지 도움을 
주셨던 아주대 안영환 교수님과 박제구씨, 홍정택씨에게도 감사의 
인사를 올립니다.  
석사과정 동안 저의 또 한 분의 지도교수님이신 김재순 교수님의 
열정적인 학구열과 학생 눈높이에 맞춘 수업들은 잊지 못할 것 
같습니다. 석사 기간동안 같은 NIMO 연구실의 구성원이었던 
플로리다에서 공부하고 있는 나락이형, 고대에서 postdoc하면서도 
지금도 잊지 않고 잘 챙겨주는 문석이, 멋진 공군 장교님 기탁이형, 
LG에서 근무하는 관형이, KAIST에 가서도 잊지 않고 제 연구에 
도움을 주시는 준엽이형과 석준이, 박사과정은 서로 다른 연구실에 
속해있었지만 같은 연구실 멤버처럼 언제나 내 부탁을 흔쾌히 
들어주는 형우까지 NIMO 연구실 모든 분들께도 감사의 인사를 
올립니다. 
제 연구에 훌륭한 협력자이자 아낌없는 조언을 주신 박남규 
교수님, 박규환 교수님, 홍성철 교수님, 이기주 교수님, 구석모씨, 
강지훈씨, 최종호씨, 상수형, 상화까지 모든 분들의 도움 덕택에 
연구를 원활히 잘 수행하고 논문까지 잘 마무리할 수 있었습니다. 
또한 비록 나라는 다르지만 만날 때마다 반갑게 맞아주시고 
아낌없는 토론과 격려를 주시는 스페인(Spain)의 Francisco Garcia-
Vidal 교수님과 Luis Martin-Moreno 교수님, Jorge Bravo-Abad 박사님, 
나와 비슷하게 곧 졸업하는 Diego와 Paloma에게도 감사의 인사를 
드립니다. (I would like to thank Prof. Francisco Garcia-Vidal, Prof. Luis 
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Martin-Moreno, Dr. Jorge Bravo-Abad, Diego, and Paloma for many 
stimulating discussions and our joint works.) 
 연구실에서 가장 궂은 일들을 맡아서 하시면서 저의 무지로 
어렵게 꼬여버린 행정적인 일들을 멋지게 처리해주셨던 임소연씨, 
이행도씨, 변수정씨에게도 감사의 인사를 올립니다. 
 그리고 저의 사랑하는 가족, 그 동안 묵묵히 지켜보시며 저의 
대학원 생활 내내 물심양면 지원을 아낌없이 주시고 항상 저의 
안식처가 되었던 부모님과 먼 미국에서 씩씩하게 잘 지내면서 
오빠를 열심히 응원해주던 동생 지오, 찾아갈 때마다 반갑게 
맞아주시고 저에게 역시 또 하나의 편한 안식처가 되어주셨던 
장인어르신과 장모님, 나를 데리고 즐겁게 농구해주는 두 처남 
경환이와 경준이, 생글생글 웃으면서 언제나 나에게 잘 대해주는 
처제 경진이에게도 감사의 인사를 남깁니다. 
 마지막으로 저의 대학원 생활 시작할 때 만나서 박사 1학년 때 
결혼을 하고 지금까지 함께해온 사랑하는 아내 경인, 대학원 생활 
중 빼놓을 수 없는 가장 큰 축복이었으며 지금의 제 아내를 만나지 
않았다면 과연 이렇게 잘 졸업까지 올 수 있었을지 의심을 해보게 
됩니다. 그 동안 돈 한푼 벌어다 주지 못하고 남들 다 가는 휴가 
한번 제대로 챙겨주지 못했음에도 불평하지 않고 항상 밝게 저를 
응원해주는 당신께 정말 고맙고 사랑한다는 말을 전하고 싶습니다. 
